INTRODUCTION
Various medical adhesive tapes or sheets are widely used for applications such as prevention of pressure ulcer formation, protection of wounds, and fixation of medical instruments 1, 2 . Pressure-sensitive adhesive resin is used to attach stoma appliances such as ostomy bags. These adhesive materials are in direct contact with the skin. Although these occurrences are rare, some medical adhesive materials cause allergic contact dermatitis 3, 4 . In addition, the following problem has emerged: physical stimulation by frequent application and removal of stoma appliances can damage skin. This skin damage, which is mainly due to the removal of the epidermal layer of the skin 5 , is a more serious problem than allergic dermatitis for stoma patients.
The skin functions as a protective barrier between the body and its environment. Intercellular lipids in the stratum corneum, which is the outermost layer of the epidermal layer, play an important role in the barrier function of the skin 6 . Ceramide is the most abundant component of the intercellular lipids 7 . Several studies on atopic dermatitis have noted that a correlation exists between dysfunction of the skin barrier and a substantial decrease in the
The aforementioned stoma-appliance-induced dermatitis is a common and serious problem for old people. A decrease in the amount of ceramides in skin has also been observed for old people 11 . These facts suggest that a medical adhesive tape or sheets that prevent the onset of dermatitis by providing ceramides to the skin from the adhesive materials could be developed. This approach necessitates the development of a method for preparing an adhesive ceramide-containing resin that releases ceramides when it is needed. Adhesive resins containing medical drugs have already been developed for topical drug delivery systems 12, 13 . Currently, polymer materials are widely used as adhesive materials. One of the most commonly used methods for preparing polymer sheet or tape is the hot-melt method. However, some drugs, such as diphenhydramine HCl 12 , undergo thermally induced degradation during the hotmelt process. Ceramides with saturated hydrocarbon chains exhibit greater thermal stability than diphenhydr-amine HCl; however, ceramides exhibit thermal-history-dependent phase behavior 14, 15 , and the different phases of ceramides exhibit different physical properties. Obviously, these differences in physical properties may affect the release rate of ceramides from adhesive materials.
In this study, we used differential scanning calorimetry DSC and X-ray diffraction XRD analysis to investigate the manner in which thermal history affects the phase behavior and structure of ceramide molecular assembly in UV-curable acrylic adhesive resin. The aim of this study was to attain fundamental knowledge necessary for the future development of medical adhesive tape or sheets that prevent dermatitis. In this study, a synthetic D-erythro-ceramide NDS , 2S,3R -2-octadecanoylamino-octadecane-1,3-diol CER Fig. 1 , was used; this ceramide has the same stereochemical configuration as that of a naturally occurring ceramide 16 . CER exhibits polymorphic phase behavior that depends on its thermal history 15 . acResin ® , a commercially available UV-curable acrylic adhesive resin, was used as an adhesive material. The curing phenomenon of acResin ® is due to a UV-irradiation-induced photochemical crosslinking reaction of benzophenone groups of acResin ® , i.e., a copolymerization reaction 17, 18 .
When acResin ® is used in the manufacture of actual medical adhesive tapes or sheets, the temperature during the production process is maintained at 60 70 for several days after UV-light-induced curing to improve the adhesion strength of the base film or sheet via an anchoring effect. The phase and structure of the CER molecular assembly in acResin ® are expected to change during the curing process. One of the objectives of the present study is to investigate these changes.
EXPERIMENTAL PROCEDURES

Materials
The synthetic D-erythro-ceramide NDS 16 were purchased from Wako Pure Chemical Industries, Ltd. Osaka, Japan . All chemicals were of reagent grade and were used as they were received without further purification.
Sample preparation
The samples of in-resin CER were prepared as follows. The desired amounts of both the CER powder and the viscous fluid prepolymer of acResin ® were heated above the melting temperature of pure CER to facilitate their uniform mixing. The melted samples were dropped onto a hot plate at 125 and were then spread into thin sheets with a thickness of 250 μm. The sheet samples were maintained at 80 while being simultaneously irradiated with UV light to cure the materials. In this study, we measured the thickness of 500-μm-thick samples prepared by stacking two of the aforementioned 250-μm-thick samples.
Differential scanning calorimetry measurements
DSC measurements were performed using a Mettler-Toledo DSC 1 STARe system. The experimental conditions were as follows: N 2 gas was used as the flow gas at a flow rate of 30 mL/min. Approximately 10 mg of sample was placed into an aluminum crucible cell. All DSC measurements were made at a scan rate of 10 /min for both heating and cooling. A heating-cooling-re-heating cycle was typically performed.
Polarized-light microscopy observations
To observe the morphology of the CER molecular assemblies in the resin, we observed the samples under the cross-Nicol condition and at a magnification of 100 using a polarizing microscope Olympus BX51 . We prepared the samples for observation by pasting the adhesive sheet containing CER onto a glass slide.
X-ray diffraction measurements
Synchrotron XRD experiments were performed at the bending-magnet beamline 10C 19 of the Photon Factory Tsukuba, Japan at the High Energy Accelerator Research Organization, KEK. The wavelength of the X-rays was 0.10 nm. The typical detector-to-sample distance was 500 mm. The detector-to-sample distance was determined by analyzing the powder diffraction pattern of silver behenate 20 . In this study, we used the scattering vector Q , Q 2π/d 4πsinθ /λ where d is the real spacing, 2θ is the scattering angle, and λ is the wavelength of the X-rays for the horizontal axis in the X-ray diffractograms.
Although the data are not shown here, to confirm the reproducibility, we also measured some samples at the BL40B2 beamline 24 of SPring-8 Japan Synchrotron Radiation Research Institute, Hyogo, Japan using an imagingplate X-ray detection system, R-AXIS IV Rigaku Co., Tokyo, Japan . In the BL40B2 beamline, the sample temperature was controlled using a hot and cold stage HCS302, Instec, Inc. interfaced to an mk2000 temperature controller Instec Inc., USA .
Preliminarily measurements on residual of limonene
Mass spectroscopy and nuclear magnetic resonance NMR measurements were carried out to investigate the residual of limonene in ceramide crystal sample crystallized from limonene solution. The mass spectrometry experiments were performed on a double-focusing mass spectrometer JEOL JMS-700T by using both electron impact ionization EI mode 30 eV, 300 μA and fast atom bombardment FAB mode. In FAB mode, glycerol was used as matrix. The NMR experiments were performed on Avance-III 400 spectrometer Bruker with deuterated-tetrahydrofuran as a solvent.
RESULTS
Differential scanning calorimetry
We first investigated the thermal-history-dependent phase behavior of CER in acResin ® acrylic adhesive resin using DSC. Figure 2 presents the DSC thermograms of inresin CER samples with various thermal histories. For comparison, we also recorded DSC thermograms for pure CER samples with the same thermal histories Fig. 3 . We also confirmed that a pure resin sample exhibits no thermal peak in the temperature range from 25 to 125 Both exothermic 73.8 and endothermic peaks 96. 5 appeared in the thermogram of the meltquenched in-resin CER sample Fig. 2 a . This indicates that the melt-quenching process induces the formation of a metastable phase of CER, and the exothermic peak corresponds to the transformation from the metastable phase to another stable solid phase. The transition enthalpy values In the calculation of the values, the weight of the resin was not included for a -d .
were approx. 22 J/g and 130 J/g for the exothermic and endothermic peaks, respectively. The estimated transition enthalpy predictions are less accurate, because the exothermic and endothermic events overlap. At slower cooling conditions, no exothermic peaks were observed curves b and c in Fig. 2 , but the endothermic peak corresponding to that observed during the first scan of the melt-quenched sample was recorded curve c in Fig. 2 . For the sample cooled at 10 /min, a small endothermic peak at 97 was detected, although an endothermic peak at 90 was dominant curve b in Fig. 2 . The transition enthalpy of curve b was estimated as 60 J/g. This result implied that the time devoted to the cooling was too short to form a sufficient amount of the stable solid phase.
The stable phase of CER in the resin was also formed in a sample treated for 5 days at 60 , which was just below the onset temperature of the exothermic peak of the meltquenched sample curve d in Fig. 2 . The transition enthalpy of 190 J/g for this sample treated for 5 days was greater than that for the sample which was slow-cooled at 0.14 /min 160 J/g . This difference in transition enthalpy suggested that the extended heat treatment induced the formation of a more stable phase relative to the slow cooling process.
The phase behavior of pure CER samples was less sensitive to the cooling rate compared to that of the meltquenched in-resin CER samples. For pure CER samples, similar thermal behavior was observed under two different cooling conditions, i.e., melt-quenching and cooling at 10 / min curves a and b in Fig. 3 , respectively . The thermograms of both samples showed a small peak at 94.5 and a higher peak at 106 . The transition enthalpy of the latter peak was estimated to be 90 J/g for both samples. The transition temperature was in good agreement with previously reported values obtained from the second heating scan when the different heating rates are taken into account 15 . However, the transition enthalpy differs from with those previously obtained from the first and second heating scans 15 , and the reason for this discrepancy is unclear.
The thermogram of the pure CER sample cooled at a low rate showed multiple peaks curve c in Fig. 3 . The temperature corresponding to the most intense endothermic peak was 110 . This high-temperature peak at 110 has been previously reported for a heating scan at a rate lower than 2.0 /min or for a sample maintained at 106 for more than 1 h 15 . However, even maintaining the meltquenched pure CER sample at 60 for 5 days did not induce the formation of the phase with a melting temperature of 110 . In addition, the transition enthalpy value 95 J/g was almost same as that for the aforementioned melt-quenched sample 90 J/g .
Polarized-light microscopy
The aforementioned DSC measurements showed that the phase behavior of the in-resin CER samples depends on their thermal history. At room temperature, the phase of a melt-quenched sample differs from that of a slowly cooled sample or a sample maintained for several days at 60 . To investigate the morphological difference between these different phases, we observed the melt-quenched sample and the sample maintained for six days at 60 using polarized-light microscopy. The typical recordeded cross-polarized microscopic images are illustrated in Fig. 4 . For both samples, no distinct Maltese cross was detected, although small bright spots were clearly observed. A lamellar structure, probably with a small domain size, possibly formed in the resin for both phases. This formation was later confirmed by XRD analysis, as described in the next section. The outline of each bright spot of the sample maintained at 60 for six days is relatively clearer than that of corresponding spot in the melt-quenched sample. This result suggested that a more ordered solid phase was formed in the sample maintained for six days at 60 .
X-ray diffraction
The polarized-light microscopy observations did not reveal any distinct structural differences between samples with different thermal histories. Therefore, we performed XRD experiments on a melt-quenched sample, a slowcooled sample, and a sample maintained for several days at 60 to reveal detailed structural differences induced by the different thermal histories. We also performed XRD analysis for a resin sample containing no CER. Figure 5 displays the XRD profiles of resin samples with three different thermal histories. The diffraction patterns of all of the samples showed two broad scattering peaks at Q ≈ 5 nm 1 and Q ≈ 14 nm 1 , thus indicating that the different thermal histories hardly affected the structure of the resin samples. Figure 6 shows the XRD patterns of in-resin CER samples with three different thermal histories. The original profiles are presented in Fig. 6 A , while the profiles shown in Fig. 6 B were obtained by subtracting the resin profiles Fig. 5 from the original ones Fig. 6 A . Figure 7 is a magnified version of Fig. 6 B . As expected on the basis of the DSC results, the XRD patterns of the sample subjected to slow cooling and the sample maintained at 60 were identical to each other but differed from that of the melt-quenched sample. This observation implied that the slow-cooling treatment and the treatment at 60 for several days induced the formation of the same solid phase.
The XRD pattern of the melt-quenched sample showed broad diffraction peaks at Q 1.32 nm 1 and 3.96 nm 1 in the small-angle region Fig. 7 c . Although a structure cannot be logically deduced from only two diffraction peaks, the 1:3 spacing ratio between the peaks strongly indicated the formation of a lamellar structure with a spacing that was calculated to be 4.76 nm. In the wide-angle region, only a broad diffraction peak appeared at approximately Q 14.8 nm 1 d 0.425 nm , indicating that the hydrocarbon chains of the melt-quenched CER samples were packed into a hexagonal lattice, the packing being relatively disordered.
The diffraction patterns of both the slow-cooled sample and the sample maintained at 60 showed numerous sharp peaks. Up to the fifth-order, lamellar diffraction peaks were clearly detected in the small-angle region with a repeat spacing of 4.05 nm. Several diffraction peaks that originated from a hydrocarbon-chain packing lattice were detected in the wide-angle region. We numbered the wideangle peaks to distinguish amongst them, with the positions and the spacings of each peak summarized in Table 1 . The width of each wide-angle peak is different; peak 1 is very sharp, while the others are broad. This observation suggests that the solid phase is not crystalline with a perfect three-dimensional periodicity. The XRD patterns of both the slow-cooled sample and the sample maintained at 60 differ from previously reported XRD patterns of pure CER samples with different thermal histories 15 .
To investigate the phase similar to that of the solid phase formed in the in-resin CER sample subjected to slow cooling or maintained at 60 , we performed XRD measurements on the CER crystalized from various organic solvents limonene, methyl acetate, chloroform, and a mixture of ethanol and chloroform . The selection of these materials was based on the following reasons; methyl acetate is widely used as a solvent of polymers, chloroform and the mixture of ethanol and chloroform are used as a solvent of fats and lipids, while limonene has been known as a skin penetration enhancer of drug 25 and has been reported to interact strongly with ceramides 26 . The results presented in Fig. 8 , showed that among the investigated samples, the diffraction pattern of the sample crystallized from limonene solution Fig. 8 a was the most similar to those in Figs. 7 a and 7 b . The positions and the spacings of each peak in the wide-angle region shown in Fig. 8 a are also summarized in Table 1 . The errors of these spacings were estimated to be 0.02 nm taking into the consideration the pixel size of the detector, the repeatability of installation of sample holder position, etc. A comparison of the data in Table 1 reveals that the peak positions were almost identical. The distribution of each peak intensity, however, were not the same as each other see Fig. 7 b and Fig. 8 a . Thus, we could conclude that the structure of the stable phase formed in the sample maintained at 60 for several days in CER enclosed in acResin ® acrylic adhesive resin was not identical, but similar to that of CER crystalized from limonene solutions.
Based on its thermal and structural data, it has been previously inferred that a small amount of limonene may remain in the crystal sample prepared from a CER-limonene mixture by maintaining it under reduced pressure conditions 15 . In this study, we performed a preliminary examination by mass spectrometry and NMR measurements to investigate the validity of this above supposition. The mass spectrometry data indicated that limonene was present in the CER sample crystallized from limonene solutions. In the mass spectrum, a peak appeared at the position of 137 corresponding to the molecular weight of limonene. Due to the large difference in volatility between CER and limonene, a quantitative estimation was not possible from our present experimental data. NMR results also indicated that limonene was retained in the sample. In addition to the peaks of pure CER, other peaks were detected in the NMR spectrum of the CER sample crystallized from the limonene solution. While several of these peaks corresponded to those of pure limonene, some of them did not. We conjecture that CER and limonene form a complex in a deuterated-tetrahydrofuran solvent, although we could not quantitatively determine the stoichiometry, due to the difficulty in assigning these peaks. Nevertheless, our preliminary measurements showed that limonene was present in the CER sample crystallized from limonene solutions.
DISCUSSION
The present study shows that the phase behavior and structure of in-resin CER differ from those of pure CER, i.e., they exhibit different transition temperatures, different thermal history dependences, and different structures. Although the details differ among samples, in-resin CER also actually exhibits thermal-history-dependent phase behavior and forms a lamellar structure. These characteristic features have been previously reported for pure CER 15 .
First, we consider the thermal behavior of the in-resin CER sample. The transition melting temperature of inresin CER was lower than that of pure CER. Although the XRD experiments revealed that lamellar structures are formed in CER in the resin, no clear Maltese cross images were observed in the polarized-light microscopy observations. These results can be assumed to indicate that the size of each lamellar phase crystal is too small to observe by microscopy. The melting temperature of a small crystal is lower than that of a large crystal because of excess surface boundary energy, which is known as the GibbsThomson effect. Such phenomena have been widely reported for metallic nanoclusters 27 and nanoparticles 28 .
Another effect can be inferred to contribute to the lowering of the melting transition of in-resin CER. As described in the Experimental section, in the liquid state, i.e., the molten state, the prepolymer of acResin ® before UV-induced polymerization can mix with melted pure CER. This indicates a lack of strong repulsive interactions between the prepolymers of acResin ® and CER. Judging from their chemical structure, it may be likely that hydrophobic attractive interaction exists between the prepolymers of acResin ® and the hydrocarbon chain of CER. In addition, it may expected that the polar headgroup of CER binds to the C O moiety of butyl acrylate of acResin ® by forming a hydrogen bond. If weak attractive interactions occur between the prepolymers of acResin ® and CER, a small number of the acResin ® prepolymers should be captured in the CER solid phase when CER solidifies as the temperature is lowered. In this scenario, the melting temperature of the CER will be decreased by the impurity effect. The similarities of the XRD patterns of the in-resin CER subjected to slow cooling, the CER maintained at 60 for several days, and the CER crystalized from limonene solution also support the impurity effect. The authors of a previous study 15 suggested that limonene cannot be perfectly evaporated even when a CER-limonene mixture is maintained under reduced pressure 100 Pa longer than overnight 15 h , i.e., a small amount of limonene remains.
Although we propose that the Gibbs-Thomson effect and the impurity effect both contribute to lowering the melting temperature, a more detailed study is required to determine the contribution of each effect.
The DSC thermogram of pure CER that corresponds to a heating rate of 10 /min shows no distinct exothermic peak even for the melt-quenched sample, i.e., a peak that corresponds to the transformation of a metastable phase to another stable phase is not observed Fig. 3 . However, for the melt-quenched in-resin CER sample, a distinct exothermic peak appears at 73.8 Fig. 2 . In a previous study 15 , a weak exothermic peak was observed at 102
for pure CER in a second heating scan after rapid cooling 10 /min when a heating rate of less than 4.0 /min was used. If the temperature where an exothermic peak appears is similar to that where an endothermic peak appears, both peaks are merged when a relatively rapid heating rate 5 /min is used. Thus, only one peak is likely to be observed. The present results for CER may correspond to this case. A scan rate of 10 /min was used in this study. In addition, in a previous XRD study, pure CER subjected to rapid cooling 10 /min gives a broad lamellar diffraction peak in the small-angle region and a broad peak in the wide-angle region, which is similar to the XRD pattern of the melt-quenched in-resin CER sample Fig. 2 c . We concluded that the rapid cooling treatment induces the formation of a metastable amorphous-like phase in pure CER. For naturally occurring ceramides 14, 29 and a synthetic pseudo-ceramide 30 , an exothermic peak has been distinctly observed. Hence, the appearance of the exothermic peak in the thermogram of the melt-quenched in-resin CER sample is not mainly caused by a specific interaction between the acResin ® and the CER, but it is due to the intrinsic nature of CER. Next, we consider the structures of CER molecular assembly in the acResin ® UV-curable acrylic adhesive resin.
As previously mentioned, the diffraction peaks observed in both the small-and the wide-angle regions are relatively broad for the melt-quenched in-resin CER sample Fig. 7 c . The diffraction pattern Fig. 7 c is easily misinterpreted as indicating a lipid bilayer in a liquid-crystalline phase, i.e., a hydrocarbon-chain melted state. However, in such a liquid-crystalline phase bilayer see Fig. 9 c , the d-spacing of the wide-angle peak is usually 0.46 nm, which is longer than that observed in the melt-quenched in-resin CER sample d 0.425 nm . Hence, the hydrocarbon chains are not in a molten state, and the chains may adapt an almost all-trans conformation, which differs from a lipid bilayer in a liquid-crystalline phase. The packing of the molecules would simply be disordered. In other words, the position distribution of the center of mass of the CER molecules does not form an ordered two-dimensional lattice see Fig. 9 b . This state is expected to be close to an amorphous solid state. In a crystalline state, ceramide molecules have been reported to form a V-shaped conformation 31, 32 in which two hydrocarbon chains form an angle of 60 with the polar head group positioned at the angle origin Fig. 10 . If CER forms a V-shaped conformation, the repeat spacing of the small-angle-region peaks should be concluded to be less than 3 nm according to an estimation using a Corey-Pauling-Koltun CPK space-filling model. On the basis of the present observed spacing of the melt-quenched in-resin CER sample 4.76 nm , we concluded that the CER in the lamellar structure adopts the so-called hairpin conformation in which the two hydrocarbon chains align in the same direction see Fig. 9 a and b . This conformation is the same as that typically formed by phospholipids with two chains in their gel-phase bilayers 33 . The present study revealed that maintaining the in-resin sample at 60 results in a transformation of the metastable phase into a stable phase. In association with this transformation, the lamellar spacings decrease from 4.76 to 4.05 nm. Because the magnitude of this change is small, the CER in the resin can also be expected to adopt a hairpin conformation in its more stable phase. Although definitive evidence has not been reported to the best of our knowledge, many naturally occurring ceramides have been speculated to adopt a hairpin conformation in the lamellar structure of the stratum corneum located in the outermost layer of skin 6, 34 . We concluded that even in acResin ® adhesive resin, CER forms a lamellar structure similar to that found in skin stratum corneum in the sense of adaptation of the same hairpin conformation. If products that contain components in a metastable phase are stored for a certain amount of time before being used, a phase transformation from the metastable phase to another more stable phase will likely occur. Thus, the nature of the products would be changed as a consequence of this phase transformation. This study shows that an inresin CER sample maintained at 60 for several days undergoes a transition to a stable phase of CER in the resin. Initially, this heat-treatment process was performed to improve the adhesion strength of the base film or sheet via an anchoring effect. The present study shows that this process also contributes to the formation of a stable phase. Generally, lipids or fats exhibit polymorphic phase behavior 35 , i.e., they tend to form metastable phases. Therefore, for the development of products containing lipids or fats, the possibility of the formation a metastable phase and the transformation to a stable phase should be carefully studied in association with their manufacturing process.
CONCLUSION
The present study revealed that the phase behavior of CER in a resin depends on the thermal history of the sample, which is similar to the temperature-dependent phase behavior of pure CER. Melt-quenching or rapid cooling of the sample induced the formation of a metastable lamellar phase. A transformation from the metastable phase to a stable phase was induced in the samples maintained at 60 for several days or subjected to slow cooling treatments. The phase transition temperate and structures of the in-resin CER samples differed from those of pure CER samples, indicating that weak interactions occurred between CER molecules and the UV-curable acrylic adhesive resin. The industrial manufacture of medical tapes and sheets requires various temperature treatments. As shown in this study, CER in the adhesive materials exhibits a thermal-history-dependent phase behavior, and hence temperature treatments during the manufacturing process of adhesives should be carefully studied while developing products containing ceramide molecules. The resin used in this study, acResin ® , is classified as a hydrogel. Hydrogels are widely used in various fields, such as the food industry, nursing, pharmacy and nanotechnology. In addition, the so-called functional microgels have also been developed using macromolecular networks swollen by solvents, not limited to water, in which the molecules can be dissolved. Some microgels also have an uptake-release ability of active substances 36 . As hydrogels are a kind of molecular network systems, fundamental studies on various biomolecules and molecular network systems are required for further scientific advances 37 39 . Here, we investigated a system consisting of a biomolecule, i.e., ceramide, and a molecular network. Our motivation was driven by the need for improved medical tapes or sheets, although we believe that the findings of this study will give an important contribution from the perspective of fundamental research.
